Carotenoids are well-known physical quenchers of chlorophyll excited states and reactive oxygen species both in vivo and in vitro. They may also be involved in chemical quenching undergoing, e.g. isomerizations or oxidations. We have found that ␤-carotene (Car) in aerobic acetone is rapidly oxygenated under strong illumination with red light ( exc Ն 630 nm) in the presence of bacteriopheophytin a. At the same time the photosensitizer undergoes only slight (Ͻ10%) photodegradation. By preparative high-performance liquid chromatography as many as seven major products of oxygen attachment to Car have been isolated. Their molecular masses show that Car sequentially accumulates up to six oxygen atoms while its C 40 -skeleton remains intact.
INTRODUCTION
In photosynthetic organisms carotenoids are a ubiquitous and structurally very diverse group of isoprenoid pigments. Among their various functions (1) the most essential and indispensable one is probably that of photoprotection. It has been shown for many photosynthetic organisms, in particular under aerobic conditions, that their viability under phototropic growth is reduced by inhibition of carotenoid biosynthesis. By a variety of mechanisms carotenoids dissipate excess energy from light harvesting complexes and reaction centers ¶Posted on the website on 25 and neutralize reactive oxygen species (ROS) ‡ (2) . In isolated reaction centers carotenoids quench triplet states of the primary donor chlorophylls (3) (4) (5) (6) (7) and similar processes may also occur in the antennae. In the latter carotenoids are also discussed as quenchers of chlorophyll excited singlets states, e.g. zeaxanthin, which in green plants is produced in the xanthophyll cycle from the antenna pigment, violaxanthin (8) (9) (10) (11) . Moreover, further down in the chain of events carotenoids can efficiently scavenge singlet oxygen (12, 13) as well as other ROS (13, 14) . They also react readily with free radicals and are involved in protection against oxidative damage in nonphotosynthetic organisms (15) (16) (17) (18) . In solution, ␤-carotene (Car) (1 in Scheme 1) very efficiently quenches chlorophyll a fluorescence at rates near to the diffusion limit and is able to protect chlorophylls from photobleaching (19, 20) . With its triplet energy lying below that of 1 O 2 , Car and other carotenoids are excellent physical quenchers of singlet oxygen ( 1 ⌬ g ) (13, 16, 21, 22) .
Most studies on carotenoid photoprotection have been concerned with the fate of the organism or the pigment complex that is to be protected. Much less is known about the fate of the carotenoids in these processes. Their role as physical quenchers has been widely recognized. It relies both on the unusual properties of their S n and T 1 states (23) and on the conformational flexibility which allows the rapid dissipation of excited state energy by internal conversion to the electronic ground state. There is, however, increasing evidence of chemical quenching as an alternative or additional processes. Transient cis-trans isomerization has been implicated in the protection of reaction centers (24) . Carotenoids can also become irreversibly modified chemically. Several mono-and di-oxygenated carotenoid products have been characterized as early photosensitized products of Car, such as the ␤-carotene 5,6-epoxide 2, the 5,8-furanoid pigments (e.g. aurochrome 3) and ␤-carotene 5,8-endoperoxide 4 (25) (26) (27) (28) , see Scheme 1.
Scheme 1.
A variety of products carrying one oxygen and having a rearranged C 40 -skeleton have been obtained from peroxidation of Car (28, 29) . More exhaustive photooxidation of Car leads eventually to a breakdown of its C 40 -skeleton into a variety of small, colorless end products (29, 30) . Some of these breakdown products appear to be harmful, their accumulation may cause indirect oxidative damage, e.g. in plant tissues under light stress (17, 31, 32) or in solution (20) . While some of these oxidations of Car have been recognized more than 30 years ago, their relevance in photoprotection and many points concerning the mechanism of Car interactions with singlet oxygen as well as the sequence of reactions and the structures of Car oxidation products still remain unclear.
In the course of a systematic study on the effect of Car on the photodegradation of bacteriochlorophyll (BChl) derivatives we have recently found that the protective capacity and the kinetics as well as selectivity of the reaction show a dramatic solvent dependence (Fiedor et al. personal communication, the results are partly published in Kammhuber [34] ). In particular, in acetone, the putative protectand, viz Car, is rapidly degraded while the sensitizer is quite stable. In view of the potential of bacteriochlorins for photodynamic therapy (35) , we wish to present results on the photooxidation kinetics and products of Car decomposition in acetone induced by the irradiation of the photosensitizer, bacteriopheophytin (BPhe), with red light ( irr Ն 630 nm). Under these conditions, Car undergoes rapid and multiple oxygenation to products bearing as many as six oxygen atoms while retaining the C 40 -carotenoid skeleton.
MATERIALS AND METHODS
Pigments. BChl was isolated from the purple bacterium Rhodospirillum rubrum (carotenoidless mutant G9) following the method of Omata and Murata (36) with some modifications. BChl was extracted with methanol from the freeze-dried cells, transferred to acetone and purified on diethylaminoethyl-sepharose CL 6B (Pharmacia, Uppsala, Sweden) preequilibrated in acetone. BPhe was obtained by pheophytinization of BChl in acetic acid (37) . ␤-Carotene (95% alltrans-␤-carotene, Sigma, St. Louis, MO) was used as supplied. Its purity was confirmed prior to use by high-performance liquid chromatography (HPLC) and mass spectroscopy. The pigments were aliquoted, dried with a stream of Ar, and kept in the dark at Ϫ20ЊC under Ar. The purity of the pigments was routinely checked by diode array detection (DAD)-HPLC and thin-layer chromatography (TLC).
Solvents. Acetone, methanol (Baker, Mumbai, India) and acetonitrile (ACN) (Roth, Berlin, Germany) were of HPLC grade, n-hexane and tetrahydrofuran (THF) of spectroscopy grade (Merck, Darmstadt, Germany). THF was freed of peroxides by passage over alumina N (ICN, activity 1) and subsequent distillation over sodium hydroxide. Other solvents were used as supplied.
Sample preparation. Immediately before an irradiation experiment, aliquoted portions of solid Car (ca 10 mg) and BPhe a (ca 3 mg) were dissolved in acetone (up to 60 mL). To completely dissolve Car the solutions were sonicated for 10 min. In order to determine the exact pigment concentrations aliquots were taken from the batches, diluted in 2 mL of acetone and their absorption spectra recorded. The following extinction coefficients were used-BChl: . In order to monitor the progress of the reaction the absorption spectra of the reaction mixture were recorded every 4 (analytical conditions) or 20 min (preparative conditions). The photoreaction was carried out in acetone at ambient temperature under equilibration with air (stirring). The illumination time (20-120 min) depended on the desired degree of photooxidation and the amount of unreacted pigments in the prepared solution. Usually, immediately after the reaction was completed (Ͼ90% of ␤-carotene reacted) the mixture was subjected to HPLC separation.
HPLC. The components of the reaction mixture were separated by HPLC (Abimed, Lagenfeld, Germany, Gilson, Villiers Le Bel, France) at ambient temperature on a semipreparative reverse-phase SPLC-18 column (5 m Supelcosil, 250 mm ϫ 10 mm) monitored on-line using a model 8452A (Hewlett-Packard) diode array spectrophotometer. A gradient system according to Tregub et al. (20) with some modifications was applied (A: ACN/MeOH/THF 90:7.5: 2.5, vol/vol/vol; B: ACN/MeOH/THF 32:60:8, vol/vol/vol; the gradient: neat A from 0 to 20 min, linear change to 100% B from 20 to 30 min; flow rate: 5 mL min Ϫ1 ). The solvents were filtered and degassed before use. The carotenoid photodegradation products were collected and kept on ice in the dark. Fractions containing the same products were pooled, the solvent was evaporated under vacuum and samples stored at Ϫ20ЊC under Ar in the dark.
Analytical HPLC was done on a reverse-phase column (5 m LiChrospher 100 RP-8, 250 mm ϫ 4.6 mm) using the same eluent as for SPLC-18 column. In both cases the samples were injected in solvent A. All separations were monitored by on-line recording of the absorption spectra (300-820 nm, HP model 8452A diode array detector with a 30 L flow cell) in intervals of 2 s.
Spectroscopy. Steady state absorption spectra of the pigments isolated by HPLC were recorded in the 250-900 nm range in n-hexane with an ultraviolet/visible/near-infrared spectrophotometer (Lambda 2, Perkin-Elmer, Norwalk, CT). Mass spectra were obtained by atmospheric pressure chemical ionization method (APCI) (LCQ-mass spectrometer, Finnigan MAT, Bremen). For mass spectroscopy the dry pigments (ca 0.1 mg) were dissolved in acetone immediately before the measurements.
Kinetics of ␤-carotene degradation and appearance of its degradation products. A mixture of Car and BPhe in acetone was irradiated with red light ( Ն 630 nm) for 40 min. Every 4 min, 1 mL aliquots were taken from the illuminated solution and subjected to HPLC analysis with on-line recording of absorption spectra by DAD.
Chemical tests. For a preliminary determination of the chemical character of the groups present in the examined pigments, the following chemical tests were performed (39) . To test for epoxides Car and its degradation products were loaded (in acetone) on coated silica gel plates (Merck RP-8, 10 ϫ 10 cm) and developed in solvent A for HPLC. The dried plate was then exposed to HCl vapors for several minutes. The color changes (before and after exposure to HCl) were documented with an Olympus digital camera and the images were computer-processed using a Micrografx Photo Magic software package. To test for keto groups the pigments were dissolved in MeOH and their absorption spectra recorded. Under stirring, a small amount of solid NaBH 4 was added and the absorption spectra were recorded again after 5 min.
RESULTS

HPLC analysis of irradiated solutions
When a solution of Car and BPhe in acetone in equilibrium with air is irradiated with red light ( Ն 630 nm), a gradual discoloration is observed. In this solvent, bleaching is mostly due to the degradation of Car as seen by the shifted and decreased absorption in the 400-500 nm range. In contrast, the absorption of BPhe ( max ϭ 746 [Q y ] and 524 nm [Q x ]) decreased by less than 8% during the same time (Fig. 1) . By subjecting the reaction mixture to HPLC seven major Car photooxygenation products were identified (peaks I-VII, Fig. 2 ). The Car degradation products are all yellowish and more polar than Car itself, as judged from the gradual decrease of their retention times (t r ) (see Table 1 ) on the reverse-phase column and by the concomitantly increased r f values on TLC (Fig. 3) . In addition, the chromatogram showed unreacted Car (t r ϭ 1645 s) and an unidentified Car isomer (t r ϭ 1671 s). If judged by subsequent TLC analysis the fractions I-VII obtained by the semipreparative HPLC were chromatographically homogeneous and showed at the most only traces of colored contaminants. By repurification the products were shown to be stable under the conditions of TLC (i.e. in the presence of air) but they degraded slowly even during storage at Ϫ80ЊC under Ar.
The only detectable reaction product of BPhe was its 13 2 -epimer, BPhe aЈ which was identified by its absorption spectrum and slightly lower polarity (t r ϭ 1440 s versus 1358 s for BPhe) (Fig. 2) . It amounted to as much as 20% of the BPhe which is close to the equilibrium value in acetone (40) .
Spectral changes
The absorption spectra of the seven Car degradation products show a gradual shift to shorter wavelengths which roughly parallels their increase in polarity ( Table 1 ). The most intense absorption peak of the most polar product I shows a shift of its absorption maximum from max ϭ 450 (Car) to 315 nm (⌬ ϭ 9524 cm Ϫ1 ) in n-hexane; the derivatives III and IV have nearly as large blueshifts while for products VII and V the shifts (compared to Car) are very small. In Fig. 4 the absorption spectra (in n-hexane) of the intermediates (II and IV), the most polar (I) of the isolated degradation products and of the educt Car are displayed.
Mass spectroscopy of ␤-carotene degradation products
Mass spectroscopy of the pigments documented a gradual increase in the molecular masses of the products in multiples of 16, indicating successive oxygenation without degradation of the C 40 -skeleton ( Table 2 ). The number of oxygens added again parallels roughly the increase in polarity ( Table 1) .
The mass spectrum of Car shows two signals: the major one can be assigned to the molecular ion (m/z 536), the minor one [M Ϫ 92] ϩ derives from the loss of toluene from inchain elimination (41, 42) . The molecular mass of derivative VII is 552 (one oxygen atom added), the only major frag- ϩ with somewhat lower intensity appears in the spectra of derivatives VI, V, III and II and is typical to the cleavage of a 3-hydroxylated-⑀-ionone ring (42) . Some of the pigments showed peaks which may indicate contamination with the next higher oxygenated species, e.g. for V and VI with a triply oxygenated and for II by a penta-oxygenated species.
Chemical reactivity of ␤-carotene degradation products
Two reactivity tests were used to chemically characterize the isolated Car derivatives. Firstly, they were checked for the presence of epoxy-or vicinal diol-groups by subjecting them to TLC and subsequent exposure to HCl vapors (Fig. 3) . The HCl treatment has no effect on Car and the derivatives VI and V which all remain yellow. Pigments VII and II turn blue under HCl, III and I turn green and pigment IV gives a greenish-blue color. The color change from yellow to blue or green is indicative of the presence of at least one epoxide or vicinal diol function (39, 43) and hence, we assume such structures are present in pigments I-IV and VII.
The second test was for carbonyl groups. The methanolic solutions of the separated pigments were treated with NaBH 4 . In no case there is any shift, apart from a small decrease in absorption, in the absorption spectra (data not shown). These results indicate the absence of carbonyl groups in all compounds examined.
Kinetics of degradation
The kinetics of ␤-carotene-photosensitized degradation and the appearance of the various degradation products have been monitored by sampling the reaction mixture during irradiation every 4 min and subsequent HPLC analysis. The time evolution of the reaction (Fig. 5) shows that most of the degradation products are formed only transiently and only the concentration of product I (six oxygen atoms added) keeps rising until the end of the experiment. This indicates a progressive oxygenation during photosensitized degradation of Car. The first degradation products, viz derivatives VII (one oxygen), VI and V (two oxygens each) appear from the onset of illumination and reach their maxima after about 15 min. More highly oxygenated products appear only later; these are in the order of their times of maximum concentration: derivative II (four oxygens, t max ഠ 27 min), derivative IV (four oxygens, t max ഠ 30 min), derivative III (four oxygens, t max ഠ 33 min). The concentration profiles obtained were used to estimate optimal times for larger scale preparations of each of the Car photooxidation products.
In contrast to Car, the sensitizer BPhe is very stable against auto(photo)oxidation in acetone. After 40 min of irradiation, when Ͼ90% of Car is oxidized, BPhe (t r ϭ 1358 s) decreases by less than 25% as judged from HPLC. This is considerably more than that found spectroscopically, indicating product(s) with similar spectra. The decay profile is, however, not exponential and no significant decrease is observed during the first 12 min (Fig. 5) . Subsequently, BPhe aЈ (t r ϭ 1440 s) accumulates rapidly to reach 20% of the BPhe peak and this ratio then remains constant. BPhe aЈ, the 13 2 -epimer of BPhe, is as good a sensitizer as BPhe (44, 45) . Its appearance would account for most of the decrease in BPhe estimated by HPLC. The combined loss of BPhe/BPhe aЈ is only Ͻ10% which agrees well with the degree of BPhe photodegradation observed by absorption spectroscopy (see above).
DISCUSSION
In spite of being a good photosensitizer and singlet oxygen generating agent, BPhe is surprisingly stable when irradiated into its Q y absorption band ( exc Ն 630 nm) in various solvents. The results of the comparative investigations of the solvent and BChl central metal effects on photosensitized reactions (34) will be published elsewhere in detail (33) . In the present work we concentrate on the solvent acetone in view of a remarkably rapid oxygenation of ␤-carotene added to the solution. The stability of Bphe is only slightly enhanced if Car is added to BChl in acetone but the Car undergoes a relatively quick degradation, indicating the formation of ROS to which Car is much more sensitive than BPhe. Hence this solvent has been used to study the photosensitized oxidation of Car. In the course of the reaction Car is nearly spent after 30 min when Յ10% of the sensitizer, BPhe (or its epimer, BPhe aЈ), has reacted. Obviously Car reacts quickly with ROS produced under these conditions but does not provide much further protection to the tetrapyrrole.
There are several reports in the literature on oxidation reactions of Car induced either chemically or photochemically (25) (26) (27) (28) (29) (30) and some of the products of these reactions have been known and identified more than 30 years ago (25, 29, 46) . Still more products of Car oxidation formed upon addition of peroxy radicals, most of them carrying only one oxygen atom, have been described more recently by Yamauchi et al. (27, 28) . The particular feature of the system used here is the accumulation of a series of products which are highly oxygenated and yet maintain the C 40 -skeleton. The HPLC analysis of the irradiated acetone solutions show that: (1) the BPhe-sensitized degradation of Car results in a complex product mixture; (2) more than one product is formed in parallel; and (3) the primary product(s) are followed by secondary and probably tertiary ones in order of increasing polarity and degree of oxygenation. Since the inline absorption spectra of the different fractions during HPLC are identical to the ones of the respective products isolated on a micropreparative scale, they represent products which are stable in the dark and survive the work-up procedure. A rough estimate of the mass balance, made using the same maximum extinction coefficients for all oxygenated carotenoids, indicates that formation of the carotenoid products I-VII is the main process for Car degradation in acetone and that there are, during the time of the experiment, only few unaccounted (e.g. colorless) products.
Guided by the order of their appearance (maximum peaking) and choosing appropriate irradiation times, it was possible to more selectively generate certain groups of the products and to purify the seven major ones for mass spectroscopy. All seven pigments have molecular masses higher than Car. The data show that they all retain the C 40 -carotenoid skeleton and that the mass increase is due to the oxygenation. The absorption spectra of these pigments show a gradual blueshift of the maximum absorption from 450 to 315 nm. This shift to higher excitation energies is, therefore, not associated with the breakdown of the carotenoid C 40 -skeleton but must be due to a shortening of the conjugatedelectron system in the course of oxygen attachments.
With the exception of the mono-oxygenated product VII, the molecular mass increase occurs in multiples of 32 indicating that they arise from gradual addition of molecular (singlet?) oxygen photogenerated by BPhe. In the case of 1 and 2 molecules of O 2 added, there is more than one product of the same mass. They may be stereoisomers but the different reactivities of II and III with HCl indicate that there exist several sites within the Car molecule which are attacked by oxygen at comparable rates and give rise to reaction branching. The intermediates VII-II seem to converge, however, to the common product I (six oxygen atoms) probably due to the saturation of the Car molecule with oxygen. However, no exhaustive photoreaction has been carried out to test this conclusively. From a pairwise symmetric addition of oxygens away from the center of the molecule, one would anticipate also the formation of a product carrying eight oxygens which has not been observed. There is, however, another possibility for the oxygenation sequence which accounts better for the first products: there are two different types of oxygenations, with the addition of one oxygen on either Car side in the first steps and a subsequent O 2 addition on either side.
We have been unable so far to isolate the products in sufficient quantity for a complete structure determination and while the mass spectra indicate little (see above) contamination with products of different masses they do not preclude the formation of isomers. In particular, due to the introduction of chiral centers at the sites of oxygen attachment stereoisomers may be formed which have very similar spectroscopic and chromatographic properties (i.e. products V and VI). In spite of this uncertainty, the electronic absorption and mass spectroscopy results in combination with chemicals tests and the comparison to the existing literature allow for preliminary structural assignments, at least for some of the isolated pigments. Car 1 and the putative structures of the derivatives VII, VI and V are shown in Scheme 1. Thus, product VII (C 40 H 56 O, m/z ϭ 552, adduct of one oxygen atom) has an absorption spectrum which closely resembles that of ␤-carotene-5,6-epoxide 2. The fragmentation pattern (data not shown) further supports this assignment. Moreover, the same compound was found among Car oxidation products in vivo (47) and appears in chlorophyll-sensitized Car oxidation in vitro as one of the main products (27) .
Likewise, the absorption spectrum of derivative VI (C 40 H 56 O 2 , m/z ϭ 568, two oxygen atoms) resembles that of ␤-carotene-5,8,5Ј,8Ј diepoxide (i.e. aurochrome 3), also readily formed upon photosensitized Car oxidation (26) . Accordingly, this compound is stable in HCl vapors.
Derivative V, an isomer of compound VI (also unaffected by HCl vapors), resembles ␤-carotene-5,8-endoperoxide 4, both in the absorption spectrum and partly in the fragmentation pattern. Moreover, together with the above-mentioned ␤-carotene-5,6-epoxide it was reported by Yamauchi et al. (28) as the main product of chlorophyll-sensitized oxidation of Car.
One should note that the comparison with the absorption spectroscopy data reported earlier is based on the positions of the absorption peaks and does not take into consideration the relative intensities of the bands (most reports do not present full spectra). Analogously, the mass spectroscopy results are only partly conclusive since the fragmentation patterns depend on the ionization method. Therefore the structural assignments are still preliminary and cannot yet be extended to the Car derivatives with higher degree of oxygenation.
The data are insufficient at the present stage to point out a detailed mechanism that the oxidation reactions are following. Two mechanisms can be envisaged: one is the formation of epoxides and perhaps the subsequent decomposition (hydrolysis) to vicinal diols. The other is 4 ϩ 2 cyclic photoadditions (48) while 2 ϩ 2 photoadditions can probably be excluded. Firstly, they are expected to yield ketones and aldehydes by fission, but CO-groups are unlikely from the lack of spectral changes upon addition of NaBH 4 . Secondly, all reactions except the one with the ⌬5,6 and ⌬5Ј,6Ј-double bonds in the ␤-ionone rings would lead to a fragmentation of the C 40 -system which has not been observed.
The chlorophyll-sensitized oxidation reactions of Car may have a biogenetic/evolutionary relevance to in vivo systems such as the enzymatic formation of ␤-carotene-5,6-epoxide, observed in leaves under high light (47, 49) and more generally to the formation of epoxycarotenoids leading to the evolution of the xanthophyll cycle (8) . If epoxides are indeed the early products, one might then even speculate about the recycling of such products outside the xanthophyll cycle. Another aspect of the sensitized Car oxidation in natural systems may concern the function of polar carotenoid pigments in the protection of biomembranes against oxidative destruction where oxygen binding to the ␤-ionone rings is supposed to enhance Car's protective efficiency (50) .
In conclusion, the results show that chemical quenching of ROS can be an important pathway of protection by carotenoids, by scavenging of substantial amounts of oxygen onto the polyunsaturated molecules. Two-dynamic nuclear magnetic resonance studies are under way to fully elucidate the Car degradation product structures.
